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ABSTRACT

This document presents the mathematical basis and unit descriptions for sub-

routines AEROM and SHADOW. For the most part, these subroutines make up

the aerodynamic torque calculation of MSAP/AE. An overview and a descrip-

tion of both satellite-independent and satellite-dependent code are given.

Cross-referenced listings of subroutines AEROM and SHADOW are included

as an Appendix.

Further details on the ,_ISAP/AE system may be found in the MSAP/AE System

Description (Reference 1).
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SECTION 1 - INTRODUCTION

1.1 ORIGIN OF SHADOW MODEL

For spacecraft with perigees below approximately 200 kin, aerodynamic torques

may substantially affect the attitude and the magnitude of the angular momentum.

In the case of Atmospheric Explorer-C (AE-C) operation at a perigee altitude

of 140 km produces attitude shifts up to nearly 1 degree/orbit and angular

momentum changes of up to 10 in-lb-secs/orbit. Since attitude constraints

allow only a 2-degree deviation in the spin axis from orbit normal, the aero-

dynamic torques must be accurately known for predictive purposes.

The version of the MSAP/AE aerodynamic torque model in use prior to the

development of the shadowing model had several major shortcomings:

1. It was a one-component model, excluding all appendages. Inves-

tigation showed the protuberances to be the major source of aero-

dynamic torques.

2. It neglected all shadowing.

3. It treated the case of the spinning spacecraft as a series of instan-

taneous torques. This method is highly suspect when the sampling

interval used is not sufficiently small compared to the spin period

of the spacecraft.

4. It assumes pure adsorption/reemission as opposed to reflection.

5. In the standard mode of operation, no allowance is made for varying

atmospheric densities caused by solar activity or other effects.

There is provision in the program, however, for use of a 10.7-c. m.

solar activity index in scaling the atmospheric model.

?3¸
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1.2 MODEL SPECIFICATIONS

The shadowing model addresses the problem areas described above as follows:

1. The spacecraft decomposition into components for the purpose of

calculating aerodynamic torques is increased to include several

major appendages, specifically the adapter ring and Solar Pointing

Subsystem (SPS) on the "top" of the main body, and the rotating

mirror and the two rectangular boxes on the "bottom" of the main

body. Other appendages are not considered because either their

areas are negligibly small (as for the antennas), or the coding

necessary to account for them would be too complex (as for a

small box on the side of the major cylinder on the -_y-axis).

2. Shadowing of one component by other components is taken into

account by a model which treats the various components as equiv-

alent cylinders. All shadows thrown by each component are cal-

culated, and equivalent negative-area elements are added to the

spacecraft decomposition.

3. The spinning spacecraft is taken into account by using formulas

derived by averaging the torques in an inertial coordinate system

over the full 360-degree range of wind azimuth angle. The SPS is

also treated by a similar formula technique when it is "off" (i. e.,

spinning with the spacecraft). When the SPS is "on" (i. e., iner-

tially fixed), it is treated as a separate component.

4. The adsorption/re-emission-versus-reflection question is not

addressed.

5. The variation-in-atmospheric-density problem is not considered.

1-2



I.3 SHADOWING MODEL IN MSAP/AE

In MSAP/AE, subroutine TORQUE acts as the driver for all torque calculations.

To obtain the aerodynamic torque, TORQUE calls subroutine AEROM, provid-

ing itwith the necessary input data and accepting from itthe instantaneous

torques in the body coordinate system.

In the previous version of MSAP/AE, AERC)M performed a simple one-

component calculation of the aerodynamic tr""que and returned the results to

TORQUE. In the shadowing model, AEROM calls subroutine SHADOW to ob-

tain the shadowed elements, and then calculates the aerodynamic torque from

the total spacecraft decomposition. Values of the aerodynamic torque are

returned by AEROM to TORQUE in exactly the same manner as was done pre-

viously.

The design of the shadowing model was accomplished with minimal impact on

MSAP/AE routines other than AEROM. The only modifications to subroutine

TORQUE are to calculate the SPS on/off flag, and the wind and Sun vectors in

body coordinates. These are required by AEROM and SHADOW.

the AEROM/SHADOW package is easily adaptable to other uses.

1.4 DOCUMENT SCOPE

This document is intended to be used in two ways:

1.

.

As a result,

AE-C spacecraft support tasks may use it to understand and docu-

ment attitude predictions made by MSAP/AE.

Future spacecraft support tasks may use it to assist in writing

similar aerodynamic torque routines for other spacecraft or in

modifying the AEROM/SHADOW package.

Details of the modifications to the MSAP/AE system required to

incorporate AEROM/SHADOW are available in Reference 2, and are

not specifically included in this document.

1-3
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1.5 RECOMMENDATION FOR FUTURE DEVELOPMENT

The current aerodynamic torque model in MSAP should be readily extendable

to AE-D, AE-E, and possibly other similar spacecraft. Only minor modifi-

cations should be needed to adapt it to AE-D and AE-E. A few improvements

in the model can be made which would be of value to at least these two space-

craft.

1. The effect of the Earth's rotation should be taken into account in

the wind velocity. This is approximately a 10 percent effect.

2. The variation of atmospheric density with solar activity should be

investigated. Some coding is already present in MSAP, but it is

not activated because solar activity measures are not input. The

most appropriate of these measures should be selected and incor-

porated into MSAP.

There are seve_ _1 assumptions made by the current model whose validity may

be questionable 9r conditions different from those experienced by the AE mis-

sions. These are:

1. The current model assumes pure adsorption/re-emission as opposed

to reflection. There is no provision for evaluating the fractional

reflection, nor for computing its effect.

2. Spacecraft flying below about 125 km will be clearly out of the free

flow regime. The current model only treats free flow, as any other

assumption leads to great complexity. The degree to which this

assumption holds can be calculated, but is not presented here.

3. The current model forces a fairly straightforward "building block"

approach on the spacecraft decomposition. Specifically, only a

"cylinder on a cylinder" configuration is allowed.

1-4
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While the current model could provide a structure on which to build a more

complex aerodynamic torque model, it is recommended that consideration be

given to different approaches at such time as the program is evaluated for gen-

eralization to future missions.

Since any truly general model will be very complex, it may be prohibitively

expensive, in terms of core or execution time, to incorporate it into a system.

In light of this problem, a pre-calculated torque approach seems promising.

Here, the torque is calculated ahead of time as a function of the relevant var-

iables. Tables or formulas are then supplied to the master program.

In summary, there are a few modifications to existing routines which will be

useful for AE-D, AE-E, and similar spacecraft. It is further recommended

that a study be made of the problem of the best approach to use for the develop-

ment of a more general model.

1-5
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SECTION 2 - DESCRIPTION OF SUBROUTINE AEROM

2.1 MATHEMATICAL DEVELOPMENT

Subroutine AEROM provides the control structure for the calculation of aero-

dynamic torques. In addition, it contains the logic which determines program

flow where that flow depends on the spacecraft status.

AEROM computes aerodynamic torques based on a component model implemented

in subroutine SHADOW. Shadowing is taken into account by adding in negative-

area shadow elements computedby SHADOW. All internal calculations are

done in egs units, except that linear dimensions and areas are in inches and

square inches, respectively. The torques, converted to cgs units, are cal-

culated in an instantaneous body coordinate system and are passed out to sub-

routine TORQUE.

2. I. 1 Calculation of Wind and Sun An_les

AEROM cornputes the wind and Sun angle azimuths and elevations for use by

itself and by SHADOW.

The following wind angles are calculated from _ile wind unit vector in instan-

taneous body coordinates:

o_ = tan-l(wy/W x)

-I
/_ = sin (Wz)

W

where {x and /3 are the wind azimuth and elevation angles (respectively,
W W

relative to the body frame) and w = (w x , Wy, Wz) is the wind unit vector in

the body frame.
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The Sun azimuth is defined as the dihedral angle measured from the wind,

z-axis plane to the Sun, z-axis plane. The Sun elevation is defined as the

angle of the Sun vector above the body x,y plane.

a = tan-I (Sy/Sx) - 01S W

-i

B = sin (Sz)S

where {_s and _s are the Sun azimuth and elevation angles, respectively, and

s= (s , s , s ) is the Sun unit vector in the body frame.
x y z

The Sun az;muth is converted into an angle between 0 and 90 degrees to accom-

modate formulas used below, and IYFLAG it defined in Table 2-1.

2.1.2 .Computation of Aerodynamic Torques

The method of computation for the aerodynamic torques depends on the space-

craft state.

If the spacecraft is spinning, and if the SPS is turned off, the torques are com-

puted via the following formulas. The formulas were generated in an inertial

coordinate system by averaging over the full 360-degree range of wind azimuth.

They were then converted to the instantaneous body system in order to accom-

modate subroutine TORQUE. The formulas for the torques are

r x--C sinew )r 2

r --ccos<c,w) r 2Y

r --0
Z
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Table 2-1. Modification of Sun-Wind Azimuth

Angle and y Offset Flag

ORIGINAL a s BETWEEN

0 ° _ 90 °

90 ° _ t80 °

180 ° _ 270 °

270 ° _ 360 °

FINAL a s

$

180 ° - a
s

a -- 180 °
s

3600 - _s

IYFLAG

+1

+1

-1

-1
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where

q=-436.0 + 8.0_w- 11.0_2w- 2505.0 AZ +rsp S

C= 8.19CDPV 2

rsPs

[1513.0 , for _w _ 0°

-[1513.1 0 + 77.0 _w ' for _w < 0°

In the above equations

= wind azimuth (degrees)
W

_w = wind elevation (degrees)

A Z = Z-component of vector from geometric center of spacecraft to its

center of mass (inches)

C D = drag coefficient

p = atmospheric density (gm/cm%

V = wind velocity (cm/sec)

r =(r. _y, r z) = torque (cgs units)

Ifthe spacecraft is spinning and the SPS is turned on, the torques are calculated

partially by formulas (formula for r 2 used wlth rsPs = 0 ) and partially by

computations of the SPS-related elements as for the despun case below.

If the spacecraft is despun, the torques are computed by

N

_'=E 8"19CDPV2A'(_i x_'),
l=l
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where r = torque (cgs units)

C D --drag coefficient

p = atmospheric density (gm/cm 3)

V = wind velocity (cm/sec)

r = vector from spacecraft center of mass to ith element's geometric
i

center (inches)

w = wind unit vector in B.G. coordinates

A.

l

n.
i

N

I

/A_ (-_. • _)

-- AI/4.0

{A'i

, if ithelement is a plate

, ifith element is a sphere

)_1/2 , ifith element is a cylinder

unit vector normal--ith element if itis a plate, or unit vector

along axis of ith element if itis a cylinder

surface area of ith element ifitis a plate (one side) or sphere,

and height x diameter ifitis a cylinder

number of elements

Ifthe SPS is off, its parameters are evaluated by subroutine SHADOW.

2.2 AEROM UNIT DESCRIPTION

Language

FORTRAN IV

Functional Description

Subroutine AEROM calculates the aerodynamic torques on the AE°C spacecraft

in the instantaneous body coordinate system.

Calling Sequence

Subroutine AEROM is entered through the following FORTRAN statement:

CALL AEROM (WIND, TORQUE)

2-5
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The arguments in the calling sequence are listed below.

Argument

Name Symbol I_O Definition Units Format Dimension

WIND W I Wind unit vector None R*4 3

in body coordinates

---- 2 gm/sec 2TORQUE r o Torque vector in cm • R*4 3

body coordinates

External References

_F

1

SHADOW, TABLE

COMMON Variables Used b 5 SHADOW

C OM MON Variable

Name Name I/O

AEROBD NCOMPS I

AREA(30) I

RV(3, 30) I

ANV(30) I

ITYPE(30) I

SPSFLG ISPSON I

MSPFLG I

SUN(3) I

XYZCOM(3) I

CONSTS RTD I

PI I

HALFPI I

TWOPI I

GAERO RHO I

DSRNS IDUMP I

ADRAGC CD I

2-6



COMMON Variable
Name Name I/O

INTOUT INTOUT(100) I

ORBIT VMAG I

HGHT I

Method

See Section 2.1.

NAMELIST Inputs

None

Other Input/Output Information

Subroutine AEROM can produce diagnostic printout if INTOUT(20) _/0.

Progressively more output is generated by INTOUT(20) = 1, 2, 4, or 8.

Constraints, Error Conditions, and Recovery

The wind elevation angle, _ , should satisfy the equation:
W

V ,l °

2-7
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SECTION 3 - DESCRIPTION OF SUBROUTINE SHADOW

3.1 MATHEMATICAL DEVELOPMENT

Subroutine SHADOW is designed to supplement subroutine AEROM in the cal-

culation of aerodynamic torques. AEROM accepts a set of input elements 1

(plates, spheres, or cylinders) from which it calculates the aerodynamic torque.

SHADOW (called by AEROM) allows for shadowing by expanding the list of ele-

ments to include elements of negative area. These negative areas exactly can-

cel the torque which would have been incorrectly computed in AEROM assuming

no shadowing of, or by, the element.

SHADOW accepts input of any number of elements, but can do shadowing only

on contiguous cylindrical components. Each such component must be closed at

both ends by a circular plate, or by virtue of its resting on another component.

Figure 3-1 shows a sample configuration. Current array sizes require a

30-element limit after shadow elements are added.

To make use of the modeling features of subroutine SHADOW, the major com-

ponents on AE-C have been represented as equivalent cylinders. The main

body is nearly cylindrical and its approximation by a cylinder is valid. This is

also true of the adapter ring and the mirror (since it is spinning very rapidly).

The PSB and x-box (defined below} are considered to be cylinders for the pur-

pose of shadowing, but their areas are calculated from their true geometry.

The SPS presents a variety of shapes, depending on the position of the Sun. It

is converted to a cylinder having an area equal to the area projected into the

wind for the current Sun position. Its height is obtained in a similar manner,

and its radius obtained from the area and the height.

&;

s_

IBy"element," a single plate, sphere, or {open-ended) cylinder is intended.

By "component, " a small group of elements comprising a geometric unit is

intended, such as a cylinder plus its end plates.

3-1
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Figure 3-1. Sample Configuration of a Cylinder on a Cylinder
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SHADOW is a self-contained subroutine, called only by AEROM and reporting

only to AEROM. Rs sole function is to add elements to the spacecraft decom-

position in order to approximate shadowing. The user may, however, add

coding to SHADOW to modify the specifications of his original elements.

Several simplifications have been incorporated inthe model. These restrict

the range of wind angles over which SHADOW will work accurately. Specifically,

wind elevations of absolute value • 3.5 degrees will cause errors in calculating

the shadow elements. Since formulas involving the wind elevation are used

frequently, and since these formulas are valid only within their range of defini-

tion (-3.5 < _w < 3.5), the aerodynamic torque model should be turned off

complete)y whenever itis expected that this constraint will be violated.

3.1.10riKinal SpacecraR Decomposition

The spacecraft decomposition into elements for the purpose of calculating

aerodynamic torques resulted in 13 elements.

by the parameters given in Table 3-i.

Some items to note about Table 3-1 are

Each element is fullydescribed

All elements are either circular plates or cylinders for the purpose

of shadowing.

PAPA and PARB are used only for shadowing purposes and do not

affectAREA.

• Because each element has only one value for IFSHLD, itmay be

shadowed by only one element unless special coding is introduced

(Section 3. i.5)

• All plates are circular for the purposes of shadowing.

Often, the element specifications depend on the spacecraft attitude, Sun posi-

tion, etc. The parameters describing the spacecraft status are listed in

Table 3-2 and illustrated in Figure 3-2.

3-3
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Table 3-1. Component Parameters

•" L L I! I

NAME SYMBOL DEFINITION

AREA

RV

ANV

PARA

PARB

ITYPE

IFSHLD

A

R

MAXIMUM PROJECTED AREA OF ELEMENT

VECTOR FROM GEOMETRIC ENTER OF SPACECRAFT TO GEOMETRIC

CENTER OF ELEMENT

UNIT VECTOR NORMAL TO PLANAR ELEMENTS (OUTWARD DIRECTION)

AND ALONG AXIS OF SYMMETRY FOR CYLINDRICAL ELEMENTS

RADIUS OF ELEMENT

HEIGHT OF ELEMENT (FOR CYLINDRICAL ELEMENTS)

TYPE OF ELEMENT

= 0, CIRCULAR PLATE

= 1, SPHERE (NO SHADOWING)

2, CYLINDER

SHADOWING FLAG

0, NO SHADOWING OF TH|3 ELEMENT

50, I:LEMENT SHADOWED IF WIND HAS ANY COMPONENT

IN SAME DIRECTION AS R

_- 100 + _, (FOR PLATES ONLY) SHADOWING OF PLATE BY ELEMENT

NUMBER A,WHICH MUST BE A 3YLINDER

200 + &, (FOR CYLINDERS ONLY) SHADOWING OF CYLINDER BY

ELEMENT NUMBER &.WHICH MUST BE A PLATE

3-4
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Table 3-2. Spacecraft State Parameters

NAME

ISPSON

MSPFLG

WIND

SUN

ALPHA

BETA

SUNAZI

SUNELE

SYMBOL

I
DEFINITION

SPS FLAG

= 0, OFF

= 1, ON

SPACECRAFT SPIN FLAG

= 0, DESPUN

= 1, SPINNING

WIND UNIT VECTOR - DEFINED BY AN OUTWARD POINTING VECTOR

STARTING AT ORIGIN (INSTANTANEOUS BODY COORDINATES)

SUN UNIT VECTOR - DEFINED BY AN OUTWARD POINTING VECTOR

STARTING AT ORIGIN (INSTANTANEOUS BODY COORDINATES)

Q
W

_JW

(Z
$

DERIVED PARAMETERS

WIND AZIMUTH - RELATIVE TO BODY x, z PLANE

WIND ELEVATION - ABOVE BODY x, y PLANE

SUN AZIMUTH - DEFINED AS DIHEDRAL ANGLE MEASURED FROM WIND,

z-AXIS PLANE TO SUN, z-AXIS PLANE

SUN ELEVATION - ABOVE BODY x, y P'LANE

3-5
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Figure 3-2." Sun and Wind Vector Orientation
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The basic AE-C spacecraft decomposition is given in Table 3-3 and illustrated

These are

Main cylinder

• Adapter ring mounted on the top plate of the main cylinder

• Solar pointing subsystem (SPS) mounted within the adapter ring

and extending above it

• Rotating mirror c n the bottom plate of the main cylinder

• Pressure sensor B (PSB) box on the bottom plate of the main

cylinder in the direction of the negative y-axis

• Box housing the cylindrical electrostatic probe on the bottom plate

of the main cylinder in the direction of the positive x-axis ("x-box")

Initialization (Segment 1)

SHADOW performs computations in six segments:

1. Initialization

2. Alteration of original elements

3. Creation of shadowing elements

4. Alteration of shadowing elements

5. Calculation of cylindrical offsets

6. Output

Segments 2, 4, and to some extent 1, are very satellite dependent, as they in-

volve modification of element specifications due to the current spacecraft state.

Segments 3 and 5 are entirely satellite independent, subject to the wind eleva-

tion discussed below. Segment 1 is executed only once, namely, the first time

SHADOW is called. Various parameters describing the original elements are

stored at this time. They are subsequently altered, but are returned to their

original values each time SHADOW Is called.

in functional form in Figures 3-3 and 3-4.

The elements in Table 3-3 represent seven components.

3.1.2

3-7
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Figure 3-3. Representation of Elements on Top Plate

of Main Cylinder of AE-C
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Figure 3.,.,4. Representation of Elements on Bottom Plate

of Main Cylinder of AE-C
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3.1o 3 Alteration of Original Elements (Segment 2)

The specifications describing the elements in the original spacecraft decom-

position must, in some cases, be altered within SHADOW to accommodate

changing spacecraft status parameters.

Segn_nt 2 alters the initial decomposition as follows:

• For each element the x, y, and z components of the center of

mass (c. m. ) offset (defined as the vector from the spacecraft

geometric reference center to the c.m.) are subtracted from 1_

(defined as the vector from the spacecraft geometric reference

center to the geometric center of the element).

• The PSB and x-box are rectangular boxes whose projected areas

are a function of wind azimuth• For a box located with faces per-

pendicular to the x- and y-axes, and lengths of _ and £ , re-
x y

spectively, the projected area (exclusive of wind elevation effects)

is given by

A =2hr
P

where
1

r : _ (.£xl cos _wl+ '_yl sin _wl )

h = height of box

(y = wind azimuth
W

Now r and h are the radius and height of the equivalent cylinder

used for shadowing.

The PSBhas £ =3.0inches and _ =4.7inches , and the x-box
x y

has L = 2.57 inches and £ = 4.04 inches.
x y

When operational, the SPS tracks the Sun. Since it physically

moves relative to the spacecraft, its area and R" are dependent

L

!;

?
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on the Sun azimuth (_s) relative to the wind, and elevation (fls)

relative to the spacecraft x,y plane, The values of R , and the
z

component of R projected into the body x,y plane (Rxv) were

determined experimentally by constructing a physical model of the

SPS.

A shadow of the model SPS was projected onto a screen and its outline traced

as a function of Sun elevation and azimuth, The tracings were measured using

an area and moment integrating planimeter to obtain areas and xy and z

offsets.

The experimental data points were fit to curves by a least-squares multiple

regression technique using fitting parameters designed to avoid CPU-costly

trigonometric functions. The resultant formulas are

•4

2
Area = 55.3549 - 0.3964 I_ s - 451 - 0.002909 _s + 369.36/(ix s + 30_

+ 0.20140/(/3 s + 2) + 0.006539 _I_ s -451 - 0.003889 (fls -45)2

- 0. 15181_ s -451 - 0.04l _s -O_sl + 5.9626 sin (_s/57.296)sq. inches

R = 26.8005 - 0. 02464 ] _s - 45 ! " 0.008606 ot + 0. 0002 _,1_ s - 45 I inches
Z

R
xy -45 -0.01118 - 12. +30)0.9729 - 0. 006717 Ifl s I 8741/(CZ s

- 9.225 x 10 -5 (% - 45) 2 + 0.001056 I/3s -asl

+ 8.984 x 10 -5 (_s -as)2] (IYFLAG) inches

!r
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where IYFLAG is discussed below, and
S

the constraints

are in degrees, subject to

0° > 0_ > 90 °

O° • Bs > 900

In practice, _ > 80 ° is prohibited by the hardware.
s

The Sun elevation can never be negative since this would mean the Sun was "set"

and the SPS automatically turned off. Because of geometric symmetry of the

SPS at various Sun-wind angles, the Sun-wind azimuth was converted in AEROM

to an angle between 0 and 90 degrees and the IYFLAG set from Table 2-1.

The function of IYF LAG is to change the sign of R as the original a
xy s

exceeds 180 degrees. The large number of parameters m the equation are to

provide accuracy, as the SPS is a major contributor to the net torque.

For purposes of shadowing, the SPS is also converted into an equivalent cylinder

of height PARB(6) and radius PARA(6) by assuming

PARB(6) = h = 2(R z - 24.0)

PARA(6) = r = Area/2h

]

Mean errors in the Area, R , and R parameters caused by errors in
xy z

measurement and curve fitting are estimated as

Error in Area = 1 sq. inch

Error in R = 0.2 inch
xy

Error in R = 0.15 inch
Z
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If the SPS is turned off, it is assumed to be co-rotating with the spacecraft and

is assigned the following parameters:

Area = 48.0 sq. inches

1R

n

r

h

= O. O, O. O, 26.07 inches

= 0.0, 0.0, 1.0 inch

= 6.0 inches

= 4.0 inches

3. I.4 Creation of Shadowin K Elements

This segment is essentially satelliteindependent. All shadowing is approxi-

mated by a cylinder resting on a plate (Figure 3-5). Ifthe wind is from

'_)elow," the plate shadows the cylinder; if itis from "above, " the cylinder

shadows the plate.

The technique used to allow for shadowing is to add elements with negative

areas representing the shadowed region.

3.1.4.1 Shadowing of Cylinder by Plate

In this case, the plate ti_rows a shadow onto the cylinder, shadowing all or some

portion of the bottom of the cylinder. The height to which the shadow rises is

approximated by {Figure 3-6):

h* = (d - rc)" I tan _wl

where

where

r = radius of cylinder
c

= elevation angle of wind
w

d =_x 3-xc)2+ (Y3-Yc)2

(Xc, yc) = intersection of cylinder axis and circular plate

(x3, y3) = intersection point of edge of circular plate and a line through

(Xc,Yc) with slope= tan_ w
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Figure 3-5. Shadows Cast by a Plate on a Cylinder (Top)

and by a Cylinder on a Plate (Bottom)
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Figure 3-6. Parameters Used in Calculating Shadowing

of a Cylinder by a Plate
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The point {x3, y3 )

the circular plate:

is calculated as follows. Since (x 3, Y3) is on the edge of

2 2 2

(x3-Xo) "(Y3-Yo ) = ro

where

Also

radius ofr = prate
O

{Xo' Yo' Zo) = center of plate in spacecraft geometric frame

tan aw = (Y3 - Yc)/(x3 " Xc)

SO

Y3 = (x3 - Xc) tan CXw÷ Yc

Substitution into the circle equation gives

2 (1 +tan 2 (Yc I 2 _ r2x 3 CXw) +x3 _-2Xo+ 2tanaw -Yo-Xctanaw )] + Xo o

2](Yc - Yo - Xc tan CXw) = 0

which can be solved for x 3 . Then Y3 follows from the slope equation.

These values are then used to evaluate d and eventually h* 0 provided that

the entire cylinder is not shadowed, i. eo,

h*<h
e

where h = height of the cylinder.
c
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The shadowed element has the approximate area

A* = -Ah*/h
C

where A = area of the unshadowed element.

In addition

and

R'_* Yc' z ± h*/2)= (XO_ 0

The plus sign is used wherever the plate is below the spacecraft x, y plane,

z < 0.0 . A* , R"_* , and 4" now completely define the shadowed area.
o

3.i.4.2 Shadowing of Plate by Cylinder

In this case, the cylinder shadows the plate both directly and indirectly

(Figure 3-7).

The direct shadowing results in a negative area:

2
A* =-_r

C

where r = radius of the cylinder.
C

In addition

0
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Direct and Indirect Shadows Thrown

by a Cylinder on a Plate
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A

where n = unit vector normal to plate
O

R'*= (Xc' Yc' Zo)

The indirect shadowing can be classified into two cases.

case I..

In the first case, the indirect shadowing extends to the edge of the plate and is

computed in the following manner. First, rotate the coordinate system to form

new axes x N and YN such that YN points in the direction of the wind vector

shown in Figure 3-8. The transformation is given by the matrix

M

sin _w -cos _w_
cos _ sinew /W

In the new coordinate system

x v =x sincx -YoC°SO O W W

y' =x cos_ *YoSin(xO O W W

x' =x sincx -YcC°SC C W W

Y'c =x cos_ +-YcSinC W W

Figure 3-8 shows the shadow is divided into two areas, A_ and A_ .

The equation of the edge of the plate is

(x' - x' )2 + (y, , )2 2
o - Yo = ro

3-20



;!

(Xo, Vo) xN

!:
;7i

\

1

KEY

Figure 3-8. Parameters Used in Calculating Shadow

Thrown by a Cylinder on a Plate
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Therefore, the equation of area A_ can be obtained from

x +rA_ = c
Jx t -r

C C

, 2

Evaluating this expression

fA{ = in-I (Q/ro) - sin-1 (P/ro)+Q / 2-Q2) 1/2r O
0

p(r2_p2)
0

2
r

o

rc y'O

where P = r' - x t - r

c o c

Q=x' -x' +r
c o c

Further,

and

2
_r

c

A_ ----2 rc Y'c -_2

A* - *
= A 1 - A_

Let (Xp, y'p ) shown in Figure 3-8 denote the centrotd of the indirectly

sbsdowed region, given in the rotated coordinate system. Making the approxi-

mation that the centroid lies on the shadow centerltne, i.e., that x' = x' ,p c

is chosen so that the indirectly shadowed area between the cylinder andy'
P

the point {Xp, y'p) is half of A*.
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This relationship can be represented by the following equation:

2
A_+A_ _r c

-2r s-._
2 c 2

Therefore

,,j.

S:

and

Yp=Yc +s

| Expressed in the nonrotated coordinate system, the centroid is given by

/1
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In the second case, the indirect shadowing does not extend to the edge of the

plate, as shown below.

h
C

In this case

where

A* =-2r D
C

h

D= 1tan _w ]

In a manner analogous to that used in Case I, one can show that the centroid of

this shadowed region is

(Xc +T cOSaw ° Yc +T sinCtw , Zo)

3-24



r:il i i i IIIqllll ..... I1' II .......... I I

where

1/ hc _rc_

3.1.4.3 Summary of Shadowing Elements

The number and nature of the shadow elements created by SHADOW depends on

the wind elevation angle, _w "

Three cases can be distinguished:

1. For _w < 0° ' the sbadow elements are as described in Table 3-4.

2. For _w = 0° ' there are shadow elements on the plates but because

the wind is parallel to the shadow elements, no torques are pro-

duced. Therefore, there is no need to have shadow elements

calculated,

3. For _w > 0° ' the shadow elements are as described in Table 3-5.

3.1.5 Alteration of Shadowing Elements (Segment 4)

Alteration of some o[ the shadowing elements on the bottom plate are necessary

because allowance has not yet been msde for shadowing of one cylinder by

another, or for overlapping of shadows thrown on the bottom plate. Figure 3-9

gives a representation of the bottom plate where the modifications are required.

3.1.5.1 Shadowing of x-Box by Mirror

Figure 3-9 defines the angles a 1 , and a 2 , which, in turn, define the fraction

of the x-box shadowed by the mirror.

Calculations show: a 1 = 1°

a 2 = 25 °
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Table 3-4.

II IIF _ ---- ' ...... =,, ,, ..........

o

AE-C Shadow Elements for

J

NUMBER

14

15

16

17

18

19

20

TYPE

0

0

0

0

2

2

2

DESCRIPTION

SHADOW ON TOP PLATE CAUSED BY ADAPTER RING (DIRECT)

SHADOW ON TOP PLATE CAUSED 6Y ADAPTER RING (INDIRECT) 1

SHADOW ON TOP OF ADAPTER RING CAUSED BY SPS (DIRECT)

SHADOW ON TOP OF ADAPTER RING CAUSED BY SPS (INDIRECT)

SHADOW ON MIRROR CAUSED BY BOTTOM PLATE

SHADOW ON PSB CAUSED BY BOTTOM PLATE

SHADOW ON x-BOX CAUSED BY BOTTOM PLATE

1THE SHADOW THROWN BY THE SPS ON THE TOP PLATE IS NOT CALCULATED, SINCE IT IS

COINCIDENT WITH ELEMENT 15: PROVIDED THAT _w > -3"5o"
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Table 3-5.

I I ili

AE-C Shadow Elements for _ > 0°
W

..... ..JJ......

1

NUMBER

14

15

16

17

18

19

20

21

TYPE

0

0

0

0

0

0

2

2

DESCRIPTION

i

SHADOW ON BOTTOM PLATE CAUSED BY MIRROR (DIRECT)

SHADOW ON BOTTOM PLATE CAUSED BY MIRROR (INDIRECT)

SHADOW ON BOTTOM PLATE CAUSED BY PSB (DIRECT)

SHADOW ON BOTTOM PLATE CAUSED BY PSB (INDIRECT)

SHADOW ON BOTTOM PLATE CAUSED BY x.BOT (DIRECT)

SHADOW ON BOTTOM PLATE CAUSED BY x-BOX (INDIRECT)

SHADOW ON ADAPTER RING CAUSED BY TOP PLATE

SHADOW ON SIPS CAUSED BY ADAPTER RING 1

1THE SHADOW THROWN ON THE SPS BY THE TOP PLATE IS NOT CALCULATED, SINCE IT IS

COINCIDENT WITH ELEMENT 21.
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Figure 3-9. Angles Used in Calculating Shadowing

of x-Box by Mirror
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The fraction of the x-box shadowed is

f _.

1 , for 0 °_ <1 ° and 359 °<a <360 °
W W

25 -_

w , for 1°<_ <25 °
24 w

- 335
W

24 , for 3350 < _w $ 359°

0 • , otherwise

The shadow is assumed to cover the x-box from top to bottom, because the

mirror is much taller than the x-box, and the wind elevation angles are always

assumed to be small, _w < 3.5 ° .

The mirror is shadowed by the x-box in a similar manner for 155°< a < 205 ° .
w

The approximation has been made that this can be treated identically to the

above case; that is, always reducing the area of the x-box and its shadows by

the factor f. It has been assumed that there is no shift in the element centroido

3.1.5.2 Shadowing of Mirror by PSB

Figure 3-10 defines the relevant angles, a3 and a4 " The shadow on the

mirror caused by the PSB is assumed to extend across the entire width of the

mirror for

w %

i

and is neglected otherwise. This is a valid approximation since the shadows

only occur in spinning mode and sweep across the mirror quickly. In despun

mode, aw is normally outside of the range (% , _4 ) .
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Angles Used in Calculating Shadows Thrown by

PSB on Mirror and x-Box and Vice-Versa
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The height to which the shadow rises is calculated from

h* = 3.0 + 23.05 tan _w

The area of the mirror is then reduced by the fraction which is shadowed

Ashadowed = Aoriginal • F

where

The z

F = (6.3 - h*)/6.3

coordinate of the mirror's R vector is also altered to

(Rz) shadowed = (Rz) original + 3.15h*/6.3

The areas shadowed by the mirror during this range of 0¢ , if any, are set
w

to zero to prevent double counting, as the PSB also shadows these areas.

Calculations yield. a3 = 84o

c_4 = 96 °

3.1.5.3 Other Shadows

SimiLar techniques are used for the shadowing of the PSB by the mirror

(264 °<a <276 ° ), shadowing of the x-box by the PSB (55 °<or _ 70 °)
W W

shown in Figure 3-10 when ol5 < O_w< _6' and shadowing of the PSB by the

x-box (235 °< _ < 250 ° ).
W

3.1.6 Calculation of Cylindrical Offsets (Segment 5)

The wind applies a force to the cylindrical surface on that half of the surface

exposed to the wind. In Figure 3-11, for example, the average moment arm

has a zero y component, but a nonzero x component. Since cylindrical
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Figure 3-11. Parameters Used in Calculating Cylindrical Effects
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elements assume R is a vector to the geometric center of the cylinder, the

following correction has to be made:

R' = R - X cos
X x W

R' =R -Xsin(_
y y w

1:{_ =R
z z

where Rx, Ry, and Rz are defined by

integral:

R , and X is obtained from the

X

_o y/2 qd p

where

Thus

q=r
C

dp=r
c

cos 0

cos 0 d 0

X

2 f,,/2 2r cos O d 8
C

"0

re f cos 0 d 0
"0
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3.1.7 Output (Segment 6)

The parameters describing all the elements may be output by setting the inter-

mediate output parameter IN'rOUT (100) = 0.

It should be noted that PARA, PARB, and IFSHLD are meaningless for shadow

elements. If the SPS is on and the spacecraft is spinning, the priatovt is for-

mally correct, but, except for SPS-related elements, the torques are calculated

from a formula in subroutine AEROM, and not from the elements.

3.2 SHADOW UNIT DESCRIPTIOH

Language

FORTRAN IV

Functional Description

Subroutine SHADOW computes negative area shadow elements subsequently

used by AEROM in evaluating aerodynamic torques. The AE-C model includes

satellite-dependent and -independent code, and considers the main cylinder, the

adapter ring and SPS mounted on the top of the main cylinder, and the mirror,

PSB, and CEP box attached tc the top of the main cylinder.

Calling Sequence

Subroutine SHADOW is entered through the following FORTRAN statement:

CALL SHADOW (ALPHA, BETA, SUNAZI, SUNELF, IYFLAG, IDUMPX)

The arguments in the calling sequence are listedbelow:

Argument

Name

ALPHA

BETA

SUNAZI

Symbol I/O Definition Units Format Dimension

otw I Wind azimuth angle Radians R*4 1

Bw I Wind ele:_ation angle Radians R*4 1

0t [ Sun-wind azimuth Degrees R*4 1

s angle
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Argument

Name Symbol I/O Definition Units Format Dimension,

SUNELE _s I Sun elevation angle Degrees R*4 1

IYFLAG I Sun azimuth flag R*4 1

= +1, tXs< 180 °

= -1, _-s > 180°

IDUMPX I File number for R*4 1

diagnostic output

External References

None

COMMON Variables Used by SHADOW

COMMON Variable

Name Name I/O

AEROBD IFC I

NCOMPS I/0

AREA(30) I/O

RV(3, 30) I/0

ANV(3, 30) i/o

PARA(30) I/0

PARB(30) i/o

IFSHLD(30) I

ITYPE(30) I

IN"rOUT INTOUT(100) I

SPSFLG ISPSON I

MSPF LG I

SUN(3) I

XYZCOM(3) I

SHDSAV SRV I/O

NCMPSV I/O
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I

Method

See Section 3. I.

NAMELIST Inputs

None

Other _nformation

Subroutine SHADOW can produce diagnostic printout ifINTOUT(100) _ 0. Any

other value yields a listof the elements, including shadow elements, and their

characteristics.

Constraints t Error Conditions t and Recovery

The wind elevation angle, _w ' should satisfy the equation

3-36



APPENDIX - LISTINGS OF SUBROUTINES AEROM AND SHADOW

This Appendix contains cross-referenced listings of the improved AEROM and

the new SHADOW subroutines.
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